Two biological approaches for decolorization of azo sulfonated dyes have been compared: reductive decolorization with the ascomycete yeast Issatchenkia occidentalis and enzymatic oxidative decolorization with Trametes villosa laccase alone or in the presence of the mediator 1-hydroxybenzotriazole. The redox potential difference between the biological cofactor involved in the reductive activity of growing cells and the azo dye is a reliable indication for the decolorization ability of the biocatalyst. A linear relationship exists between the redox potential of the azo dyes and the decolorization efficiency of enzyme, enzyme/mediator, and yeast. The less positive the anodic peak of the dye, the more easily it is degraded oxidatevely with laccase. The more positive the cathodic peak of the dye, the more rapidly the dye molecule is reduced with yeast.
Introduction
Azo dyes are the largest group of synthetic dyes, applied to all fiber types. However, during the dyeing process not all of the dye is fixed on the textile material and up to 50% may be lost in the waste streams, depending on the dye type, depth of shade, and dyeing process. Conventional treatments of textile mill effluents do not remove efficiently most of these dyes (1) . Biodegradability of the azo chromophores is based on oxidation and/or reduction reactions with enzymes, bacteria, or fungi (2) . Under aerobic, anaerobic, or sequential anaerobic-aerobic treatments many bacteria reduce the azo bonds in dye molecules to aromatic amines, by the activity of low specificity azo-reductases (3) (4) (5) . However, the azo dyes and their reductive biotransformation products (aromatic amines) have been shown to be toxic and in some cases mutagenic (6) . Therefore, accumulation of these compounds should be avoided by using alternative dye decolorization approaches.
Laccase (EC 1.10.3.2) is a multicopper oxidase, which reduces oxygen to water and simultaneously performs one-electron oxidation of many aromatic substrates such as phenols and aromatic amines (7, 8) . This enzyme decolorizes some azo dyes without direct cleavage of the azo bond through a highly nonspecific free radical mechanism, thereby avoiding the formation of toxic aromatic amines (9) . However, the substrate specificity of laccase limits the number of azo dyes that can be degraded. To solve this problem laccase/mediator systems are normally used to broaden the range of azo dyes and to increase the decolorization rates (10) (11) (12) The ability of the bioagents to degrade azo dyes depends on the structural characteristics of the dye, the temperature and pH of treatment, the presence of intermediates, and the difference between the redox potentials of the biocatalyst and the dye. This study discusses the biodegradation under aerobic conditions of azo dyes with yeasts with reducing activity and an oxidative enzyme laccase with or without mediator. These two approaches have been compared on the basis of the electrochemical properties of dyes and bioagents (13) (14) (15) The question targeted by this paper is whether the redox potential is a preliminary tool to predict the decolorization capacity of oxidative and reductive biocatalysts.
Materials and Methods
Dyes and Reagents. The structures of the dyes and the mediator tested in the present work are depicted in Chart 1. Dyes I and III (minimum 90% dye content) were synthesized by the conventional method of coupling the diazonium salt of methanilic acid with either N,Ndimethyl-p-phenylenediamine or 1-amino-2-naphthol (16) . The structures of the isolated dyes, as sodium salts, were confirmed by 1 H NMR spectroscopy in dymethylsulfoxide (DMSO). All other reagents and dyes were purchased from Sigma-Aldrich and used without further purification.
Enzyme. Laccase (EC 1.10.3.2) from Trametes villosa (5.3 mg protein/mL, 600 U/mL, supplied from Novo Nordisk, Denmark) was used for dye decolorization at pH 5 (0.1 M Na acetate buffer) as previously described (17) .
Microorganism. The ascomycete yeast Issatchenkia occidentalis (Portuguese Yeast Culture Collection 5770) was isolated on the basis of its capacity to decolorize agar plates containing yeast extract/peptone/glucose 0.5:1:2 (% w/v) and the azo dye Orange II, as described in a previous publication (18) .
Decolorization with Laccase and Laccase/Mediator System. Dye solutions (0.1 mM; 2.5 mL) buffered with 0.1 M Na acetate buffer, pH 5, were incubated with 20 µL of laccase (5.3 mg protein/mL, 600 U/mL) and 0.5 mL of distilled water in a standard stirred cuvette at 25°C
. The dye absorbance was measured at different times during the experiment and the percentage of effluent decolorization thereof was calculated. In the case of experiments with mediator the water volume (0.5 mL) was replaced by 0.1 mM aqueous solution of 1-hydroxybenzotriazole (HBT).
Dye Decolorization with Microorganism. Decolorization experiments by growing cultures of I. occidentalis were typically performed in 250 mL cotton-plugged Erlenmeyer flasks with 100 mL of sterile medium (normal decolorization medium, NDM) containing 2% glucose, as carbon and energy source, and 0.2 mM tested dye, in a mineral salts base, as previously described (19) . The flasks were incubated under orbital shaking (120 rpm) at 26°C. Dye concentration was monitored by absorbance readings of centrifuged medium aliquots at the dye λ max . The assay cuvette contained 0.3 mL of 1 M acetate buffer (pH 4.0), sample, and water to 3.0 mL; the blank was prepared with the same dilution of buffer in distilled water.
Electrochemical Measurements. Cyclic voltammetry of the azo dyes was performed using a Voltalab 30 potentiostat (Radiometer Analytical, France), controlled by the Voltamaster 4 electrochemical software, at 100 mV s -1 scan rate. The working, counter, and reference electrodes were, respectively, a glassy carbon electrode (0.07 cm 2 ), coiled platinum wire (23 cm), and an Ag|AgCl electrode filled with 3 M NaCl, all purchased from BAS, USA. The glassy carbon electrode was successively polished with 5, 1, 0.3, and 0.05 µm alumina polish (Buehler Ltd, USA) and then rinsed with 8 M nitric acid and distilled water before use. The experiments were performed in 0.1 M acetate buffer pH 5 at dye concentration of 0.1% w/v. Prior to analysis all solutions were purged with nitrogen for 15 min. The redox potentials recorded vs Ag|AgCl reference electrode were corrected by 0.206 V to the standard hydrogen electrode (SHE). Redox potentials of T. villosa laccase, 1-hydroxybenzotriazole, and nicotinamide adenine dinucleotide phosphate (NADH) were provided from the literature and are as follows: laccase +780, HBT +1.084, and NADH -320 mV vs NHE (20) (21) (22) .
Results and Discussion
Cyclic Voltammetry of Azo Dyes. The azo dyes tested in this study presented similar cyclic voltammograms illustrated by the voltammogram of dye I ( Figure  1 ), in both positive and negative scans. In the first positive scan of dye I an irreversible anodic peak (II a ) in the potential range of +0.9 to +1.3 V vs NHE was observed. All dyes displayed an irreversible reduction Chart 1. Dye and Mediator Structures peak in the range of -0.13 to -0.48 V vs NHE (II r ). In the following scans an apparently semireversible redox couple (I a ,I r ) was detected. The reductive wave I r of the semireversible redox couple did not appear in the first negative scan. These redox couple peaks appear to be associated with the formation of unstable amine products, which were oxidized in the range of +0.15 to +0.58 V vs NHE and reduced in the potential range of -0.1 to +0.3 V vs NHE.
The redox peaks II a and II r can be associated with irreversible redox reactions leading to cleavage of the azo bonds. In the voltammograms of dyes VI (triazo) and VII (biazo) the number of oxidation peaks was higher than that observed for monoazo dyes. These peaks resulted from the oxidation of the amine products generated during the disruption of more than one azo bond in these dye molecules. To confirm this theory the cyclic voltagrams of the pure amine product solutions were performed separately. The results peaks could be overlaid, respectively, to the peaks I and II in the azo dye voltammograms (data not shown).
Decolorization with Laccase. It has been reported that the chemical structures of the dyes largely influence their decolorization rates with laccase and that its decolorization efficiency was limited to several azo dye structures (9, 23) . A correlation between the enzyme redox potential and its activity toward the substrates has also been described (24, 25) . The driving force for a redox reaction is expected to be proportional to the difference between the redox potentials of oxidant and reductant. For laccase-mediated oxidations, an increase in the substrate redox potential should therefore decrease the efficiency of the reaction. This hypothesis was tested by measuring the percentage of decolorization of each dye in the presence of laccase alone or laccase + HBT after 1 h of incubation. The observed results are summarized in Table 1 , together with the respective anodic peak potential (26) . The potential of the anodic peak gives the "degradation potential" where the degradation occurs in an irreversible redox reaction. As seen in Figure 2 , a remarkably good linear correlation was found, in both systems, between the percentage decolorization of each dye and the respective anodic peak potential. The linear relationship was preserved for up to 2 h, during the initial period of decolorization. When the maximum of decolorization was reached, the linearity disappeared. An important observation is that the anodic peak potentials of all the dyes are higher than the reported redox potential for T. villosa laccase (+0.780 V vs NHE) and, even so, most of them were extensively decolorized by laccase. The exceptions were dyes V and VII, for which were found high oxidation potentials (Table 1) . These facts can be understood in the light of the Nernst equation. Any redox reaction is dependent on the formal redox potential and on the concentrations of the reduced and oxidized species. The laccase dye ratio in our system is about 1:1000 or more to the dye. These concentration differences can explain why laccase can oxidize such dyes high degradation potential.
Concerning the positive effect of HBT on the decolorization degree, this can be rationalized considering that the laccase/HBT system, which is also effective through the formation of a free radical, is a stronger oxidant than laccase itself (+1.084 V vs NHE) (26) . Thus in the oxidative dye decolorization approach using laccase or laccase/mediator, the redox potential difference between the biocatalyst and the dye is a relevant indicator whether the enzyme is able to decolorize the dye.
Decolorization by I. occidentalis. Ionizable azo dyes are impermeant to cell membranes and their transformation by living microbial cells must thus occur in the extracellular medium (27) . Azo dyes can be reduced by two or four electrons to produce usually colorless hydrazo compounds or amines, respectively (28) . In the case of bisazo dyes the reduction of the azo bonds occurs consecutively (29) . The substituents next to the azo bond affect the rate of azo dyes reduction (30) . The process is also facilitated by redox mediators (31) .
Previous work with yeasts has shown that azo dyes are reduced to amines (19) . In this work we investigated the possibility of using data obtained by cyclic voltammetry to predict relative decolorization rates of azo dyes by I. occidentalis. Our approach was to measure the times required for g98% decolorization of the dyes ( Table 2) . As seen in Figure 3 , an approximately linear correlation was observed between the decolorization times and the cathodic peak potentials of the tested dyes.
Concerning cell-mediated reductions, NAD(P)H is generally assumed to be the primary electron donor. The driving force for the reduction reactions promoted by NAD(P)H will therefore be proportional to the difference between the reduction potentials of the donor and acceptor species: the less negative the redox potential of the azo dye, the more favorable (and faster) will be its reduction (32, 33) . We confirmed this principles in our observations.
Conclusions
We found a linear relationship during the initial period of decolorization with laccase and a laccase/mediator system between the percentage decolorization of each dye and the respective anodic peak potential.
Contrarily to the laccase system, I. occidentalis decolorizes azo dyes through a reductive mechanism, but also in this system a linear relationship between the cathodic peak potentials and the time of maximum decolorization of the azo compounds was observed.
The redox potential differences between the biocatalysts and the dyes is a relevant indicator whether the enzyme is able to decolorize the dye. Figure 3 . Correlation between cathodic peak potential (Ec) and time of max % decolorization of dyes. Correlation: T (9) ) (12.1 ( 3.7) + (-117.6 ( 11.3) Ec, r 2 ) 0.97, SD ) (3.3.
